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The gapless and linear electronic band structure of graphene opens up Auger scattering channels bridging
the valence and the conduction band and changing the charge carrier density. Here, we reveal experimentally
accessible signatures of Auger scattering in optically excited graphene. To be able to focus on signatures of Auger
scattering, we apply a low excitation energy, weak pump fluences, and a cryostatic temperature, so that all relevant
processes lie energetically below the optical phonon threshold. In this regime, carrier-phonon scattering is strongly
suppressed and Coulomb processes govern the carrier dynamics. Depending on the excitation regime, we find an
accumulation or depletion of the carrier occupation close to the Dirac point. This reflects well the behavior pre-
dicted from Auger-dominated carrier dynamics. Based on this observation, we propose a multicolor pump-probe
experiment to uncover the extreme importance of Auger channels for the nonequilibrium dynamics in graphene.
DOI: 10.1103/PhysRevB.94.235430
A remarkable consequence of the unique electronic band
structure of graphene is the possibility of carrier multiplication
(CM), i.e., generation of multiple electron-hole pairs through
internal Auger scattering [1]. These processes are specific
Coulomb-driven scattering events, where one electron bridges
the valence and the conduction band, while the other involved
electron remains in the same band, cf. Figs. 1(a) and 1(c).
As a result, Auger scattering changes the overall charge
carrier density, i.e., the number of electrons in the conduction
band and the number of holes in the valence band. We
distinguish Auger recombination (AR) and the inverse process
of impact excitation (IE). The latter leads to an increase of
the carrier density and is responsible for the appearance of
CM. In previous studies, a significant carrier multiplication
has been predicted in optically excited graphene [2–4] as
well as Landau-quantized graphene [5]. Meanwhile carrier
multiplication has also been demonstrated in time-dependent
ARPES measurements [6] as well as in high-resolution pump-
probe studies [7–9]. In doped graphene samples, a so-called hot
CM has been theoretically predicted [10] and experimentally
measured [11,12]. Here, CM occurs via Coulomb-induced
intraband scattering bridging the states below and above the
Fermi level, as sketched in Fig. 1(a).
In this paper, we propose a strategy to directly reveal the
presence of strongly efficient Auger scattering in graphene.
Our work is motivated by a very recent experimental study
performed by J. Koenig-Otto and co-workers [13], which
demonstrated that phonon-driven carrier relaxation can be
strongly suppressed by applying low excitation energies, weak
pump fluences, and cryostatic temperatures. This allows a
study of purely Coulomb-induced carrier dynamics. Further-
more, the authors found that collinear Coulomb scattering
leads to an ultrafast carrier thermalization on a femtosec-
ond timescale, whereas noncollinear Coulomb scattering is
remarkably slow giving rise to a picosecond decay of the
initial optically induced carrier anisotropy. The idea of the
current work is now to exploit these insights to visualize the
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impact of collinear Coulomb channels (Auger scattering) and
to present a recipe for their experimental demonstration. Based
on microscopic calculations, we show how impact excitation
accumulates carriers close to the Dirac point, whereas Auger
recombination depletes the carrier population in this region.
We present a recipe of how to exploit this behavior as a
clear signature to identify Auger scattering in multicolor
pump-probe measurements.
To microscopically model the dynamics of optically excited
carriers in graphene, we have developed a theoretical approach
based on the density matrix formalism [14–17]. The core
of the approach is graphene Bloch equations allowing us to
temporally and spectrally resolve the dynamics of electrons
and phonons in different regimes [18,19]. We take into
account all relevant many-particle interactions on a consistent
microscopic footing including carrier-light, carrier-carrier, and
carrier-phonon interaction. The coupled system of differential
equations for (i) the occupation probability ρλk in the state (λ,k)
with the electronic momentum k and the band (λ = c,v), (ii)
the microscopic polarization pk as a measure for the optically
induced transition probability between the valence (v) and
conduction (c) band, and (iii) the phonon occupation njq in the
state (j,q) with the phonon momentum q and different optical
and acoustic modes j reads in second-order Born-Markov
approximation [19]:
ρ˙λk = 2
[
vc∗k pk
]+ ρ˙λk |scat,
p˙k = [iωk − γk]pk − ivck
[
ρck − ρvk
]+ Uk, (1)
n˙jq = −γph
[
njq − nB
]+ emj,q
[
1 + njq
]− absj,qnjq.
The optical excitation and the generation of a nonequilibrium
carrier distribution are determined by the Rabi frequency
vck (t). The electronic transition frequency is denoted by
ωk = (ωvk − ωck) and leads to an oscillation of the micro-
scopic polarization pk(t), which is damped by the diagonal
γk(t) and the off-diagonal dephasing Uk(t). For phonons,
we assume the Bose-Einstein distribution nB as the ini-
tial condition for the phonon occupation and include a
phenomenological phonon decay rate γph [20]. The many-
particle interactions are expressed by phonon emission emj,q(t)
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FIG. 1. Schematic illustration of Coulomb scattering processes.
(a) Impact excitation gives rise to an accumulation of carriers close
to the Dirac point and a redshift of the optically excited carrier
occupation, (b) Coulomb-induced intraband scattering accounts for
a spectral broadening around the excitation energy, and (c) Auger
recombination reduces the low-energy carrier occupation and leads
to a blueshift of the excited carriers.
and absorption rates absj,q(t). The exact expression can be found
in Refs. [18,19].
The carrier relaxation dynamics is determined within
the second-order Born-Markov approximation resulting in a
Boltzmann-like scattering equation [3,18,19,21]:
ρ˙λk |scat =
∑
λ1,k′
Wλ1→λk′→k ρλ1k′
(
1 − ρλk
)−Wλ1←λk′←k
(
1 − ρλ1k′
)
ρλk , (2)
including Coulomb- and phonon-induced scattering processes.
We include collinear and noncollinear carrier-carrier scattering
as well as scattering with optical and acoustic phonons.
In previous studies, we have revealed that the impact of
acoustic phonons is negligibly small. The corresponding
scattering time is in the range of a few hundreds of pi-
coseconds and only contributes to the cooling of excited
carriers at very late times [18,22]. Note however that in
disordered graphene samples, defect-assisted scattering with
acoustic phonons might significantly increase the available
phase space, and these so-called supercollisions can be-
come an important scattering channel close to the Dirac
point [23].
In the case of the Coulomb interaction, the probability to
scatter from the state (λ1,k′) to (λ,k) is given by:
Wλ1→λk′→k =
∑
λ2,λ3,q
Vλ,λ1,λ2,λ3k,k′,q
(
1 − ρλ3k′+q
)
ρ
λ2
k+q, (3)
FIG. 2. Signatures of Auger processes. Carrier occupation ρk,ϕ
weighted by the density of states (DOS) is shown as a function of
carrier energy and angle ϕ at the maximum of the excitation pulse
(t = 0 fs) for (a) a low pump fluence of 0.54 nJ/cm2 and (b) a higher
pump fluence of 170 nJ/cm2. A qualitatively different behavior is
observed: While in the low excitation regime, the carriers accumulate
at low energies close to the Dirac point (reflecting impact excitation);
at higher pump fluences we observe a strong spectral broadening
of the carrier distribution including an asymmetric smearing towards
higher energies (reflecting Auger recombination). The orange-shaded
vertical area corresponds to the spectral width of the excitation pulse.
where Vλ,λ1,λ2,λ3k,k′,q contains the screened Coulomb matrix ele-
ment as well as a delta-function ensuring energy conservation.
The simultaneous conservation of momentum (through the
matrix element) and energy restricts Auger processes to
parallel scattering along the Dirac cone [24], cf. the insets
of Fig. 1.
To study experimentally accessible signatures of Auger
processes on the basis of their impact on the spectral
distribution of the excited carriers, we consider an excitation
regime, where the dynamics is approximately fully governed
by Coulomb-induced scattering. This is achieved by applying a
cryostatic temperature of 16 K, an excitation energy of 88 meV,
and low pump fluences in the range of nJ/cm2, so that all
relevant processes lie energetically below the optical phonon
threshold (∝ 200 meV) [13]. Recently, it has been demon-
strated that under these conditions carrier-phonon scattering is
strongly suppressed resulting in a long-lived anisotropic carrier
distribution after excitation with linearly polarized light [13].
Figure 2 illustrates the carrier distribution as a function of
carrier energy ε = νF |k| and angle ϕ, where νF is the Fermi
velocity. To account for the available phase space and the real
number of present carriers, the carrier occupation ρk,ϕ has been
weighted with the density of states that is proportional to |k|
in graphene. The carrier distribution is shown at the maximum
of the excitation pulse (t = 0 fs) for (a) a low pump fluence of
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0.54 nJ/cm2 and (b) a higher pump fluence of 170 nJ/cm2. For
both excitation strengths, the excited anisotropy of the carrier
distribution due to the linear polarization of the excitation pulse
[25,26] is conserved on the timescale of the pulse (FWHM
of 4 ps) [13]. However, the energetic distribution strongly
depends on the excitation strength and exhibits qualitative
differences between the low and the strong excitation regime.
At low pump fluences [Fig. 2(a)], we clearly identify the
predominant role of impact excitation: The excited carriers
scatter to energetically lower states, which gives rise to the
generation of secondary carriers in the region close to the Dirac
point, cf. also the schematic sketch in Fig. 1(a). In particular, no
carriers are found above the excitation energy. This is in sharp
contrast to the behavior at the higher fluence [Fig. 2(b)], where
the excited carriers scatter to both energetically lower and
higher states. Collinear Coulomb-induced intraband scattering
is mainly responsible for this spectral broadening, cf. Fig. 1(b).
Additionally, an asymmetric smearing of carrier occupation
towards higher energies as well as the absence of carriers in the
region close to the Dirac point can be observed, which are clear
signatures for efficient Auger recombination, cf. Fig. 1(c).
Note that AR also contributes to a spectral broadening even
at the low pump fluence, cf. the orange-shaded vertical area
denoting the spectral width of the excitation pulse.
To get further insights, we study the time-dependent Auger
scattering rates γIE(t) and γAR(t) revealing how fast carriers
are generated via impact excitation and annihilated via Auger
recombination. The rates are defined by the integration of
the Boltzmann-like equation [Eq. (2)] over all processes that
increase or decrease the carrier density, respectively:
γIE = σsσV
∑
λk
ρ˙λk |IE and γAR = σsσV
∑
λk
ρ˙λk |AR, (4)
where σs (σV ) accounts for the degeneracy of spin (valley). In
the low-excitation regime, we clearly observe an asymmetry
between both Auger rates in favor of impact excitation γIE ,
cf. Fig. 3(a). Note that this asymmetry corresponds to a net
carrier multiplication [2], which is accomplished when both
rates become equal, i.e., after approximately 10 ps. For the
higher pump fluence of 170 nJ/cm2, impact excitation γIE is
initially still the dominant Auger scattering channel. However,
already before the center of the excitation pulse is reached
(at 0 ps), Auger recombination γAR overtakes γIE [Fig. 3(b)]
corresponding to a Coulomb-induced loss of charge carriers.
So far we have found that impact excitation accumulates
carriers close to the Dirac point and is the predominant channel
in the low-excitation regime, while Auger recombination
determines the dynamics at higher pump fluences giving rise
to a depletion of the carrier occupation close to the Dirac
point and leading to an asymmetric smearing of the carrier
distribution towards energies above the optical excitation.
This characteristic behavior can be exploited to experimentally
identify the presence of extremely efficient Auger scattering
in optically excited graphene. A straightforward way to access
this characteristic behavior is to perform time-resolved ARPES
measurements at different excitation regimes and for an
excitation energy clearly below the optical phonon energy.
A different approach is to perform a multicolor pump-probe
experiment, where the probe pulse scans the carrier distribution
FIG. 3. Auger scattering rates in different excitation regimes.
The rates for impact excitation γIE and Auger recombination γAR
are shown for (a) 0.54 nJ/cm2 and (b) 170 nJ/cm2. In the low
excitation regime, there is a clear asymmetry in favor of γIE , while for
higher pump fluences γAR overtakes impact excitation. The Gaussian
excitation pulse is depicted in the background.
close to the Dirac point and in the spectral region above the
optical excitation.
To investigate Auger features in multicolor pump-probe
experiments, we have calculated differential transmission
spectra (DTS) in the strong AR-dominated and the weak
IE-dominated excitation regime. We find clear signatures of
Auger processes in the DTS amplitude and the DTS decay
as a function of the probe energy: At low pump fluence,
we find that the amplitude is drastically reduced with the
increasing probe energy, cf. Fig. 4(a). It decreases by about a
factor of 50, when moving the probe energy from 20 meV (red
line, below the optical excitation energy) to 88 meV (green
line, monochromatic) and it vanishes (within the numerical
accuracy) at 118 meV (blue line, above the excitation energy).
This reflects well the carrier occupation illustrated in Fig. 2(a),
where impact excitation accumulates carriers close to the
Dirac point and where no carriers scatter to states above
the excitation energy. The situation is qualitatively different
in the higher-excitation regime, where the reduction of the
amplitude is much smaller and ranges within one order of
magnitude, cf. Fig. 4(b). This behavior directly reflects the
spectral broadening of the carrier distribution at high fluences,
where one can find carriers below and above the excitation
energy, cf. Fig. 2(b).
Besides the change in the differential transmission am-
plitude, there is also a significant difference regarding the
DTS decay depending on the probe energy and the excitation
regime. Since at low pump fluences the optically excited
carriers quickly leave the energy range of the excitation by
scattering into energetically lower states via impact excitation,
the monochromatic DTS decays very fast and at the same
time the DTS at 20 meV quickly increases, cf. the green
and the red line in Fig. 4(a). In contrast, at higher pump
fluences, we observe a very slow DTS decay for all three
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FIG. 4. Experimentally accessible signatures of Auger processes.
Differential transmission spectra (DTS) in the (a) weak and (b) higher
excitation regime. The pump energy is fixed to 88 meV, while the
probe energy is varied (20 meV red, 88 meV green, and 118 meV
blue). We observe in the weak excitation regime a drastic decrease
in the DTS amplitude as the probe pulse increases. This reflects the
IE-dominated carrier dynamics resulting in a carrier accumulation
close to the Dirac point and a vanishing carrier population in the
states above the excitation energy [cf. Fig. 2(a)]. The change of the
amplitude is much smaller in the AR-dominated higher excitation
regime. This reflects the large spectral broadening of the carrier
distribution covering energies below and above the excitation energy
[cf. Fig. 2(b)]. The solid and dashed lines show the parallel and
the perpendicular polarization of the pump and the probe pulse,
respectively.
probe pulses. Here, the carrier thermalization occurs already on
the timescale of the optical pump pulse and the redistribution
of carriers via Auger recombination and Coulomb-induced
intraband scattering is very fast [cf. also Fig. 3(b)]. As a result,
the decay of differential transmission can only be induced by
carrier-phonon scattering. However, since the scattering with
optical phonons is strongly suppressed due to the excitation
energy well below the phonon energy and since acoustic
phonons are very week in graphene [18,22], the DTS decays
on a very slow timescale.
Figure 4 also illustrates the lifetime of the anisotropic
carrier distribution at different probe energies and excitation
regimes. The DTS is shown for parallel (solid line) and
perpendicular (dashed) polarization of the pump and the probe
pulse. As long as there is a difference in DTS, an anisotropic
carrier distribution is present. In agreement with Ref. [13],
we find that the anisotropy is much more pronounced in the
low-excitation regime, where it persists on a timescale of
10 ps, cf. Fig. 4(a). In contrast, at higher pump fluences,
the carrier distribution becomes isotropic much faster and
the DTS curves for different relative polarizations become
indistinguishable already during the excitation pulse, cf.
Fig. 4(b). Since the carrier-phonon interaction is strongly
suppressed at the investigated excitation energy, noncollinear
Coulomb processes determine the scattering across the Dirac
cone that reduces the anisotropy in the optically excited carrier
distribution. As a result, the larger the fluence, the faster can
an isotropic carrier distribution be reached. Finally, we also
observe a less pronounced anisotropy when probing below or
above the excitation energy (compared to the monochromatic
case). This can be ascribed to the reduction of the anisotropy
during the scattering events bringing optically excited carriers
to energetically lower or higher states.
In summary, we have presented a microscopic study of
the impact of Auger processes on the spectral distribution of
optically excited carriers. We focus on a regime characterized
by a cryostatic temperature and a low excitation energy, where
carrier-phonon scattering is strongly suppressed and Coulomb
processes govern the carrier dynamics. Depending on the
excitation regime, Auger recombination or the inverse process
of impact excitation dominates the carrier dynamics. While
AR and Coulomb-induced intraband scattering leads to a
spectrally broadened carrier distribution around the excitation
energy, IE gives rise to an accumulation of carriers close to the
Dirac point. Based on these insights, we propose a multicolor
pump-probe experiment for a direct demonstration of Auger
channels in graphene.
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